Riparian and riverine aquatic plant species have evolved within the context of flowing water habitats for which the flooding and droughts are the forcing factors that shape the community features, either through a positive or negative effect on the ecosystem's function, according to the timing, frequency and magnitude of such events. In the Paraná floodplain landscape, topographic position is a crude indicator of the position along the complex gradient, but it also includes information about flood/drought periods and trees' resilience to extreme hydrological phases. We present the occurrence of major tree species in riparian forests of the Paraná River on islands of different topographies in a section of the Paraná River downstream from the confluence with the Paraguay River. Our results suggest that each tree species had a preferred position in the topographic gradient, sites where the observed counts were more frequent. This trees species were more frequent between 2 and 8 m in the topographic position and were affected by 5 and 202 hydrosedimentologic pulses between 1949 and 1999. We suggest that knowledge of the distribution curves of the vegetation species present can help draw possible future scenarios of the river landscape. Future engineering works to alter the hydrological dynamics of Paraná should pay more attention to the distribution of riparian forests because they are indicators of changes at the landscape level and they are the support for the wildlife of the river.
Introduction
The main driving force conditioning the structure and function of riparian forests in rivers is the water regime [1, 2] . At the local scale, hydrologic and geomorphic processes play major roles in shaping the riparian environment [3] [4] [5] , influencing the vegetation, soils and ecosystems dynamics [6] [7] [8] .
Riparian and riverine aquatic plant species have evolved within the context of a flowing water habitat [9] for which flooding and droughts are forcing factors in shaping the community features, through either a positive or negative effect on the ecosystem's function, according to the frequency, magnitude, amplitude, and timing of such events [10] [11] [12] [13] [14] [15] [16] .
The selective pressures of particular flow regimes on the riverine biota, including the vegetation, have resulted in a range of morphological, life history and phenological adaptations [17] . Riparian and floodplain environments are known to support disturbance-adapted species assemblages [17, 18] , frequently leading to defined vegetation zonation in which the species' lower distributional limits are determined by the specific tolerance to flooding [19] [20] [21] [22] and droughts [10, 16] .
Knowledge of the spatial distribution of each species in the topographic gradient can indirectly assess the sensitivity of the trees to the hydrological conditions of both temperate and tropical rivers [8, [23] [24] [25] , but this is most evident in rivers with wide floodplains [2, 26, 27] . The tolerance to flooding varies among forests [28] ; thus, minor variations in the frequency and duration of flooding and in the texture of soils determine the changes in their distribution along topographic gradients.
In the Paraná floodplain landscape, topographic position is a crude indicator of the position along the complex gradient, but it also includes information about flood/drought periods and the resilience of trees to extreme hydrological phases [16] .
The objectives of this study were as follows: 1) to analyse the distribution patterns of the major tree species in the riparian forests of the Lower Paraná River along a geomorphic gradient and 2) to determine the influence of the pulses (frequency, flooding days, and dry soil period) for each topographic position to identify the boundaries of certain trees species in the riverine landscape.
Our results could allow inferences a) to draw a broad distribution model for the major tree species in the Lower Paraná River using data from every site and with different topographic positions and b) to identify and highlight the ecological risks for riverine ecosystems as a conesquence of hydrological disturbances from nearby civil works (e.g., dams, channelisation, bridges).
Methods

Study Area
This study was performed below the confluence of the Paraná and Paraguay Rivers, in the Río de la Plata Basin that covers 3.1 × 10 6 km 2 . Both rivers cross from north to south in the central region of South America, forming a river axis of 3400 km from the Pantanal of Mato Grosso to the Río de la Plata, in a belt of 18˚ south latitude.
The riparian forests studied are situated in the Lower Paraná River floodplain from the Humedales Chaco Ramsar site, Argentina (Figure 1) , below its confluence with the Paraguay River (27˚17'40"S; 58˚36'42"W), to Empedrado, Corrientes (28˚02'29"S; 58˚52'21"W).
In this stretch, the Paraná River has a braided design, with more islands near the west bank because the high load of sediments from the Andes mountains reach the Paraná through its tributaries, the Bermejo and Paraguay Rivers (Figure 1) .
The Upper Paraná waters deposit ten times less sediment along the east bank than the west bank of the course reach. Therefore, in our study area, a stretch of 60 km below the Paraná-Paraguay confluence, the river is very different along either banks, as it is for other large rivers [29, 30] .
The geomorphology, soils, water quality, sediment, regional vegetation and other features of the river are described in previous publications [31] [32] [33] [34] . In the present study, we focus on the hydrological features due to other environmental factors and depending on the hydrological fluctuations [2, 30, [35] [36] [37] .
Hydrology
The Paraná River has a very irregular regime [10] , with normal and extraordinary floods (above 6 and 8 m using the Corrientes gauge, respectively). At Corrientes (Argentina) in 1983, the mean discharge was 16,000 m 3 ·s
, with a maximum of 60,000 m 3 ·s −1 [38] . The extreme floods are attributed to ENSO (El Niño Southern Oscillation) events [39, 40] and there were four extraordinary floods during the last century: June 1905, July 1983, June 1992 and May 1998. The second, with an absolute maximum value of 9.03 m, was a centenary flood that resulted in mortality of 40% of the riparian forests [41] .
Study Species
Of the thirty species of trees growing in the study area, we selected the most common in this stretch of the river. Albizia inundata (Mart.) Barneby & J. W. Grimes, Banara arguta Briq., Cecropia pachystachya Trécul, Celtis iguanea (Jacq.) Sarg., Croton urucurana Baill., Geoffroea spinosa Jacq., Inga affinis DC., Nectandra angustifolia (Schrad.) Nees & Mart. ex Nees, Ocotea diospyrifolia (Meisn.) Mez, Peltophorum dubium (Spreng.) Taub. and Sapium haematospermum Müll. Arg. grows in the floodplain at more than 1000 km downstream, and some are found to the Delta in typical gallery forests. The mature trees of these species measure up to 15 -20 m in height and have spherical crowns, diameters at breast height of 20 to 100 cm, and roots that extend up to 1.5 m deep ( Table 1 ). There are commonly two or three layers with trees of the different ages [2] .
Sampling
Between September 1998 and November 1999, we registered the occurrence of canopy trees, defined as stems >10 cm DBH (diameter at breast height), in 94 sites located along a 60 km segment of the Lower Paraná River between Corrientes and Empedrado ( Figure 1) . The sites were chosen on the basis of the presence of mixed forests on both banks of the river and islands in the main channel.
Because of the irregularities between one site and another in the floodplain, the topographic position of each location, rather than the distance from the river, was used as an indicator of connectivity with the river course at each point. The hydrologic connectivity was determined according to the Pringle concept [42] [43] [44] and connectivity begins when the water table of the river course in the gauge nearest to site exceeds the topographic level corresponding to that point [13] . Afterward, the topographic position value was corrected using the zero level at the Corrientes gauge, which is 42.39 meters above sea level (m a.s.l.).
To compare the soil texture of the banks, we selected three characteristic profiles in the west and left bank and on the island of the main channel of the Paraná River, according to [35, 45] .
Data analysis
The occurrence of canopy trees of the selected species at each topographic position was grouped at 10 cm intervals. (Table S1 ). Table 1 species along the topographic gradient of each site was integrated to obtain the 25 th and 75 th percentiles. To analyse the water level fluctuations, we used the daily water level provided at Corrientes city in the gauge of the National Division of Navigable Ways (Figure 2) . The attributes of the pulses, i.e., the frequency, number of flooded days and number of emergent soil days [10] for the topographic positions along the boundaries of the distribution curves (mode and extremes of the distribution) were calculated using Pulse software [47] . The Fluvial Connectivity Quotient-FCQ [13] was calculated for the period 1949 to1999 as follows: Number of flooded days/Number of isolated days.
Results
Distribution Patterns of Species
The different distribution of density curve estimations indicated that each tree species had a preferred position in the topographic gradient in which the observed counts were more frequent (Figures 3(a)-(c) ).
As a first view of the selected species of the riverine forest, we found that it was possible to identify the forest vegetation from 2.00 meters to 8.00 meters with respect to the absolute hydrological fluctuation range of the river (Figure 2) .
The number of flooding days and the number of dry soil sites at the lower position of the topographic gradient were significantly different from the modal and high positions ( Table 2) , and the riverine forests remained with flooded soil for 16,294 days, with the highest FCQ (Table 2). The forests that grew in the modal positions of 4 and 6 m were affected by 202 and 56 pulses, respectively ( Table 2) , whereas the gradient forests had the lowest FCQ and only were affected by 5 pulses at the high position ( Table 2) .
In general, the species were distributed in a wide range of topographic positions on the west bank; in contrast, the distribution frequency was slightly skewed to the lowest and highest positions in the gradient, respectively, on the east bank and the island courses ( Figure  4) .
West bank. Most of species had a wide range of frequencies in the topographic gradient (Figures 3(a) and  5(a) ). Almost 50% of the occurrence of the canopy trees comprising A. inundata, G. spinosa and Inga affinis were distributed from the lowest position in the topographic gradient (3.88 m); the distribution of the expected numbers of B. arguta and C. pachystachya were at the highest position (7.60 m). Only the canopy trees consisting of C. pachystachya, C. iguanea and P. dubium had a narrower distribution range (Figures 3(a) and 5(a) ).
East bank. There were few species (C. pachystachya, C. urucurana, O. diospyrifolia and S. haematospermum) with wide range of frequency (between 3.92 and 6.7 m; Figures 3(b) and 5(b) ). Canopy trees for A. inundata, G. spinosa, I. affinis and N. angustifolia had the narrowest distribution range, with the curves skewed toward the lowest position for A. inundata and highest topographic positions for the other three species (Figures 3(b) and  5(b) ).
Island course. The canopy trees for C. urucurana, O. . affinis and N. angustifolia had the narrowest distribution range, with the curves skewed to highest topographic position in the gradient (Figures 3(c) and 5(c) ).
Soil Texture
The alluvial soils of the studied area were formed by small amounts of pedologic material that was transported and accumulated in successive floods by the horizontal water flux. Each profile on both banks of the Paraná River was constituted by materials of different granulometry ( Table  3 ). The sediments from the Paraguay and Bermejo Rivers were predominant on the west bank islands, whereas muddy clay and fine-sand soils from the Upper Paraná River predominated along the east bank islands.
On the west bank, the soils are dominated by silts and clays, with a minor proportion of fine sand in the first 50 cm ( Table 3) . On the east bank and in the island courses, the soils are dominated by fine sand in the upper horizons and by fine sediments in the deepest ( Table 3 ).
Discussion
Our results suggest that, in the actual flow conditions (runoff + suspended load), the forests of the left bank of the Paraná River are between 3 to 7 meters of the fluctuation range of the river, whereas the island courses and right bank are between and 4.50 and 8 and 3.50 and 8 meters, respectively.
At the study sites, the growth of the riverine forests are affected by 5 and 202 pulses remaining between 2333 and 18,507 days with emerged soil and 120 and 16,694 days with flooding soil, representing a wide range of sites for plant growth [7] . These small differences in the range of distribution frequencies are related to the type of sediments that form the soil on each bank of the river, as indicated [16] in a study of pioneer forests of the Paraná River in this area. The studied species usually have normal distribution curves, as indicated by the frequencies reported by [48] in a study prior to the disturbances that have occurred since the dam was built on the Upper Paraná.
As some authors have stated [49, 50] the modes of the species distributions along a connectivity gradient are not an indication of the physiological optima defined by the maximum growth rate, but are centres of maximum population success, as expressed by their maximum frequencies, in interaction with other populations. These distribution curves represent a hypothetical model of adjustment between the vegetation distribution and a gradient of hydrological variability. To recognise that there are relationships between the hydrological regime of pulses (frequency, intensity, duration, and timing) and the distribution of species involves recognising that changes may occur in the landscape pattern due to climate change.
Based on the hydrologic response to a warming of 4˚C or 5˚C in the La Plata Basin in the present century [40] proposed a simple balance in which an additional evapotranspiration of 100 mm occurred for each degree warming of the surface temperature. In this hypothetical scenario, the lowering of the river discharge in the Plata Basin would be approximately one quarter (two thirds) of the present value [40] .
In a more recent study, [16] documented the differences in the distribution of two pioneer species compared with the results reported by [51] 20 years earlier. Another study by [52] on the Missouri River showed that forests are sensitive to hydrological changes and can modify their distribution and diversity.
Within this context, we suggest that knowledge of the distribution curves of the vegetation species present can help draw possible future scenarios of river landscapes.
We think that the higher sensitivity of these forests is given by the two quartiles of the distribution of the frequency (corresponding to both extremes of the river fluctuation).
In the same sense, future engineering works that alter the hydrological dynamics of Paraná should consider the distribution of the riparian forests because they are indicators of changes at landscape level and they are the support for the wildlife of the river. We propose that the quartiles of the distribution of the tree populations be taken as conditions of higher environmental risk in future studies to assess the environmental impacts of engineering projects.
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